ABSTRACT: Lead (Pb) is a priority pollutant, and the demand is growing for its cost-effective removal from water. A nanomaterial with Mn(II)-bearing Fe 3 O 4 (Mn−Fe) as magnetic core and MnO 2 as shell was synthesized, giving a specific surface area of 113.3 m 2 /g, particle size of 90−130 nm, cubic spinel magnetic phase, and saturation magnetization of 35.1 emu/g. It exhibited a strong propensity for adsorbing Pb(II), with a maximal adsorption capacity of 261.1 mg/g at pH 5.0. The process was rapid and pH dependent, but only slightly affected by ionic strength and coexisting cations, indicating the formation of the innersphere complexes. Used nanomaterial could be easily separated from solution by a magnet and readily regenerated with HCl. Its Pb(II) adsorption efficiency remained at about 80% of the original after the fourth regeneration. Thus, it has the potential for use as an effective adsorbent to remove Pb(II) from water.
INTRODUCTION
Heavy metals in water are of growing environmental and health concerns because of their high toxicity, persistence in the environment, and tendency for bioaccumulation. 1 Pb has been released from a wide range of industries from plating and mining to ceramics-, glass-, and battery-manufacturing. 1, 2 To minimize its health risks (e.g., adverse impact on human nervous system 3 ) U.S. EPA regulates the allowable Pb concentration in drinking water to 0.015 mg/L, with zero concentration as a public goal. 4 To this end, a wide range of technologies have been tested for Pb removal. With the advantages of low cost, wide applicability, easy design and operation, adsorption is considered superior to chemical precipitation, membrane filtration, ion exchange, electrochemical treatment, microbe separation, and flotation. 1, 5 Among many adsorbents reported for heavy metal removal from water, metal oxides have seen increased applications. 6, 7 Recently their uses have been further enhanced with the development of nanosized metal oxides to provide a large surface area and abundant adsorptive sites. 8, 9 Manganese oxides have a strong affinity for heavy metal ions, 10, 11 and many have reported the potential of MnO 2 as an adsorbent of Pb(II), Zn(II), Cu(II), and Cd(II). 12−15 Its use in a wastewater treatment plant, however, often requires energy intensive filtration to separate the adsorbent from the aquatic system, which would add the overall cost and cause the blockage of filters.
Magnetic separation is faster and more effective than traditional filtration for separating suspended particles. Its use can improve operation efficiency and reduce overall cost in water/wastewater treatment. 16, 17 Furthermore, core−shell structured adsorbents with a magnetically responsive core and a functional shell have the combined advantages of magnetic separation and good adsorption capacity. 18 For example, Wang et al. developed an amino-functionalized Fe 3 O 4 /SiO 2 core− shell nanoadsorbent, which exhibited good magnetic property and high adsorption affinity for Cu(II), Pb(II), and Cd(II). 19 Warner et al. showed that introduction of manganese dopant to Fe 3 O 4 nanoparticles largely increased their chemical affinity and adsorption capacity for heavy metals (i.e., Co, Ni, Zn, As, Ag, Cd, Hg, and TI) when compared to the native oxide material. 20 In our laboratory, a core−shell structured Fe 3 O 4 /MnO 2 magnetic nanoadsorbent was previously prepared and found to have relatively high adsorption capacity toward Pb(II). 21 To further enhance Pb(II) removal, it is necessary to develop new adsorbents which can more effectively adsorb Pb(II) and be easily separated from aqueous solution using a magnetic technique. by Mn 2+ might also increase core−shell affinity and increase adsorption for heavy metals. To our best knowledge, no efforts have been made to fabricate Mn−Fe/MnO 2 magnetic nanoparticles for heavy metal removal from aqueous solution. Here, a novel core−shell structured Mn−Fe/MnO 2 magnetic adsorbent was developed and characterized with multiple techniques. The Pb(II) adsorption behaviors and reusability were investigated to highlight the potential to use it as an effective adsorbent to remove Pb(II) from water. particles were observed by using a transmission electron microscope (TEM, Hitachi H-800). Specific saturation magnetization (σs), a measure of the particles' magnetism, was determined by a VSM model Lakeshore 7307 magnetic meter at room temperature. Specific surface area (SSA), pore volume, and pore size distribution were determined by nitrogen adsorption−desorption isotherm using the BET method with a Quantachrome Asiq surface area analyzer. The chemical state of elements in samples was determined by X-ray photoelectron spectroscopy (XPS, Thermo VG ESCALAB 250), using Al Kα as an exciting Xray source (1486.6 eV). C 1s photoelectron peak was used for calibration and fixed at binding energy (BE) equal to 284.6 eV.
MATERIALS AND METHODS
2.3. Batch Adsorption and Desorption Experiments. Batch adsorption experiments were conducted to determine the adsorption isotherm, kinetics, and the effects of pH, ionic strength, and coexisting cations on Pb adsorption. Briefly, 25.0 mg of adsorbent was added to a series of 100 mL vessels containing 50 mL of solution of 5−350 mg/L Pb (as Pb(NO 3 ) 2 ). NaNO 3 (0.01 M) was used as the background electrolyte. The vessels were placed on an orbital shaker at 170 rpm for 24 h at 25 ± 1°C. Solution pH was adjusted to 5.0 ± 0.1 by dilute HCl and/or NaOH solution. At the end of shaking, all suspensions were filtered through 0.45 μm and analyzed for Pb concentration by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Optima 7000 DV, PerkinElmer Co.).
Adsorption kinetics was assessed by adding 0.500 g of Mn− Fe or Mn−Fe/MnO 2 adsorbent to a 2-L glass vessel with 1000 mL of solution of 100 mg/L Pb. The suspension was stirred, and its pH was maintained at 5.0 ± 0.1 throughout the experiment by adding dilute HCl and/or NaOH solution. A 5-mL aliquot was taken from the vessel at specified time intervals and immediately filtered through 0.45 μm for the analysis of Pb by ICP-OES.
To investigate the effect of pH and ionic strength on Pb(II) adsorption, batch experiments were performed at pH values between 2.0 and 7.5 and with 0.001, 0.01, or 0.1 M NaNO 3 as background electrolyte. The pH of the solution was adjusted every 4 h to a designated value and the final equilibrium pH was measured. The effect of coexisting cations Ca(II), Mg(II), Cu(II), and Zn(II) on Pb(II) adsorption was assessed by batch experiments at pH 5.0 ± 0.1, with the initial Pb(II) concentration of 50 mg/L, and varying amounts of coexisting cations from 0.025 to 2.5 mM.
Four successive cycles of adsorption and desorption of Pb(II) were carried out in a batch system to evaluate the reusability of prepared Mn−Fe/MnO 2 . In the adsorption test, 2.00 g of Mn−Fe/MnO 2 was added into a vessel containing 2 L of solution with 100 mg/L Pb(II). The suspension was stirred for 8 h, and its pH was maintained at 5.0 ± 0.1. At the end, the adsorbent was separated from the suspension and the equilibrium Pb(II) concentration was measured by ICP-OES. In the desorption test, the Pb(II)-containing Mn−Fe/MnO 2 was added into 100 mL of 0.1 M HCl. After the mixture was stirred for 1 h the adsorbent was regenerated, separated from the solution, washed until Cl − free, and dried for use in the next adsorption−desorption cycle. Figure 5 ). This is slightly lower than that of 25 Although the nonmagnetic MnO 2 shell reduced the M s of Mn−Fe/MnO 2 nanoparticles their complete separation was readily achieved by placing a magnet near the vessel containing the suspension ( Figure 5) . Furthermore, the nanoparticles rapidly redispersed when a magnetic field disappeared. Thus, Mn−Fe/MnO 2 has the potential to be used as a magnetic adsorbent to remove contaminants from water or wastewater.
3.2. Adsorption Capacities and Kinetics. 3.2.1. Adsorption Isotherms. Mn−Fe/MnO 2 had a much higher Pb(II) adsorption capacity than magnetic core Mn−Fe (Figure 6 ). Furthermore, it was very effective in removing Pb(II) at a low equilibrium concentration, resulting in an adsorption capacity of 98.2, 139.9, and 209.6 mg/g at Pb(II) equilibrium concentrations of 0.6, 2.1, and 7.6 mg/L, respectively.
The data in Figure 6 were fitted into both the Langmuir model (eq 1) and Freundlich model (eq 2), as follows: 
where q e (mg/g) is the amount of Pb(II) adsorbed on the adsorbent, C e (mg/L) is the equilibrium Pb(II) concentration in solution phase, K L (L/mg) is the equilibrium adsorption constant related to the affinity of binding sites, q max is the maximum amount of the Pb(II) per unit weight of adsorbent for complete monolayer coverage, K F is roughly an indicator of the adsorption capacity, and n is the heterogeneity factor which has a lower value for more heterogeneous surfaces. As shown in Table 1 , the adsorption data of the Mn−Fe core were better fitted into the Freundlich model (R 2 = 0.983) than the Langmuir model (R 2 = 0.852). This is possibly due to the heterogeneous nature of the adsorbent. In contrast, the Langmuir model better described the adsorption behavior of Pb(II) by Mn−Fe/MnO 2 than Freundlich model. This agrees with the assumption in the Langmuir model that adsorption occurs on a homogeneous surface, which would be the case after Mn−Fe core was completely coated with MnO 2 shell.
The maximal adsorption capacity calculated from the Langmuir model was 97.2 mg/g for Mn−Fe core and 261.1 mg/g for shell−core structured Mn−Fe/MnO 2 .This suggests that the MnO 2 shell can endow the Mn−Fe/MnO 2 particles with a higher adsorption capacity for Pb(II) due to its large specific surface area and excellent surface characteristics. As shown in Table 2 (Figure 7a ). Mn−Fe/MnO 2 had a much faster initial adsorption stage than Mn−Fe core. Indeed, about 80% of the Pb(II) adsorption on Mn−Fe/MnO 2 occurred in the first 10 min. This was followed by a slow stage leading to the equilibrium.
To further characterize the adsorption process, data obtained from batch experiments were fitted into the pseudo-first-order (eq 3), pseudo-second-order (eq 4), and intraparticle diffusion (eq 5) adsorption models, as follows: 
where q e and q t are adsorption capacities (mg/g) at equilibrium and at time t (min), respectively; k 1 (min
), k 2 (mg/g·min), and k p (mg/g·min 0.5 ) are the related adsorption rate constants; C (mg/g) is a constant gained from the intercept in the plot of q t against t 0.5 . The linear forms of the data fitting into the three models are shown in Figure 7b −d, and the obtained adsorption rate constants are given in Table 3 . For both Mn−Fe and Mn−Fe/ 
Langmuir model
Freundlich model MnO 2 , the R 2 values suggest that pseudo-second-order model suits better than the pseudo-first-order model. As for Mn−Fe/ MnO 2 , the intraparticle diffusion model describes the adsorption process best, implying that intraparticle diffusion is the rate-limiting step for the removal of Pb(II) by the adsorbents.
The adsorption process may be divided into three stages (Figure 7d ). The first (0−10 min) was the external surface (or instantaneous) adsorption stage. This might be attributed to the large quantity of active adsorptive sites on the surfaces of Mn−Fe/MnO 2 , where Pb(II) quickly moved through the solid/solution interface under concentration gradient. The second stage (10 min −60 min) was a gradual process during which intraparticle diffusion started to limit the rate of adsorption. The third one (60 min−240 min) was the equilibrium stage, during which the internal adsorptive sites were gradually saturated.
3.2.3. Effect of pH, Ionic Strength, And Cations on Pb(II) Adsorption. pH played an important role in the adsorption process, and Pb(II) removal efficiency increased with pH ( Figure 8) . Such a pH effect has been reported for Pb(II) adsorption onto iron and manganese oxides. 7, 13, 19, 26 At pH < 3.0, Pb(II) was hardly adsorbed on the surface of Mn−Fe/ MnO 2 because the point of zero charge of the MnO 2 was reported at pH 2.0−3.0. 29, 30 At pH > 3.0 deprotonation increased the negative charge on the surface of Mn−Fe/MnO 2 , thus enhancing the electrostatic attraction between the adsorbent and Pb(II) and increasing adsorption capacity dramatically. Besides influencing the surface charge and the dissociation of functional groups on the surface of adsorbent, pH also determines the chemical species of Pb in solution. Pb , which means that precipitation plays a key role at pH > 7.8. A pH of 5.0 ± 0.1 was chosen in this study for Pb(II) adsorption to ensure that no hydroxide precipitation was formed and the large adsorption capacity of the Mn−Fe/MnO 2 was not due to precipitation. The increase in ionic strength from 0.001 to 0.1 mol/L slightly enhanced Pb adsorption in the pH range of 2.5−5.5. It had no effect on Pb adsorption at pH > 6.5. Outer-sphere surface complexation is strongly sensitive to ionic strength variation because the background electrolyte ions are placed in the same plane as Pb 2+ in outer-sphere surface complexes. 7 Conversely, adsorption by inner-sphere complex either shows little sensitivity to ionic strength or responds to a higher ionic strength with a greater adsorption. 31 Therefore, it might be deduced that Pb(II) formed inner-sphere complexes on the surface of Mn−Fe/MnO 2 . Similar conclusions were made in the literature on the removal of Pb(II) by hydrous manganese dioxide 12 and manganese oxide-coated bentonite.
32
Ca(II), Mg(II), and Zn(II), as coexisting cations, did not affect Pb(II) adsorption (Figure 9 ), whereas a slight reduction in Pb(II) adsorption occurred when the concentration of coexisting Cu(II) (2.5 mM) was about 1 order of magnitude higher than Pb(II) concentration. This preferable adsorption toward Pb(II) may be attributable to the formation of an innersphere complex, 13, 14 in which strong covalent bonds were formed between Pb(II) and the surface functional groups of the Mn−Fe/MnO 2 . Its high selectivity for Pb(II) determines the potential use of Mn−Fe/MnO 2 as a preferable adsorbent of Pb(II), even in the presence of competing cations at high concentrations.
3.3. XPS Evidence for Inner-sphere Complexation. The analysis of the compositions and speciation of the elements on the surface of Mn−Fe/MnO 2 before and after Pb(II) load provides an insight on adsorption process. A new peak of Pb 4f appeared in the spectrum of Mn−Fe/MnO 2 ( Figure 10a ) after its reaction with Pb(II), confirming its adsorption. This core level spectrum of Pb 4f (Figure 10b ) was assigned to Pb 4f 7/2 (138.1 eV) and Pb 4f 5/2 (143.0 eV). The chemical valence of Pb adsorbed on Mn−Fe/MnO 2 was determined divalent thereafter. 12, 26 The core level spectra of O 1s (Figure 10c . The peak at 530.90 eV was assigned to OH − on the surface of Mn−Fe/MnO 2 , which is a key contributor to Pb(II) adsorption by metal oxides. 26, 33 The ratio of the integral area of the O 2− to the total oxygen increased from 60.22% to 62.65% after Pb(II) adsorption. Meanwhile, the surface OH − group content decreased from 31.12% to 26.70%.
The above results and discussion lead to the conclusion that Pb(II) uptake by Mn−Fe/MnO 2 is mainly achieved through the formation of a surface complex between hydroxyl groups and Pb(II), as shown in eq 6. Obviously, an increase in pH would help consume H + , thus enhancing Pb adsorption.
3.4. Adsorbent Reusability. Reusability is an important factor for consideration in developing practical applications of adsorbents. Figure 11 shows the ability of the synthetic Mn− Fe/MnO 2 nanoparticles to be regenerated for reuse. At their first encounter Pb(II) adsorption onto Mn−Fe/MnO 2 was extremely strong, with a removal rate close to 100%. As the number of regeneration cycles increased, the removal rate decreased. This may be due to the incomplete release of adsorbed Pb(II) in the last regeneration and the partial loss of the adsorbent itself (5.6−8.6%) during the multiregeneration processes. Nevertheless, the decrease and loss were not significant. Even after four cycles, 80% of the original adsorption efficiency was retained. Its facile synthesis, easy regeneration, high adsorption efficiency after repeated uses, and inexpensiveness determine that magnetic nanoparticles of Mn− Fe/MnO 2 have the potential for practical use in environmental remediation.
CONCLUSIONS
A novel core−shell structured adsorbent (Mn−Fe/MnO 2 ) with Mn(II)-bearing Fe 3 O 4 as magnetic core and MnO 2 as shell was successfully synthesized using a coprecipitation method. It inherited the high Pb(II) adsorption ability of the MnO 2 shell. Its adsorption process was pH-dependent, insensitive to competing cations, and dominated by the inner-sphere complexation. With a maximal adsorption capacity for Pb(II) of 261.1 mg/g at pH 5.0, it outperforms many other metal oxide adsorbents. Furthermore, the adsorbent can be easily separated from aqueous solutions using a magnetic technique, readily regenerated with acid washing, and reused with a good performance. These desirable properties make Mn−Fe/MnO 2 a promising adsorbent for use in the removal of Pb(II) from water or wastewater. 
